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Introduction
The incidence of Achilles tendon ruptures has increased 10-fold over the last three decades, disproportionally affecting athletic adults who participate in sports requiring sudden acceleration and jumping (19) . This welldocumented increase in the prevalence of acute Achilles tendon ruptures (15, 19, 25) is mostly likely explained by the recent rise in sports participation amongst aging adults (15) . While advances in rehabilitation protocols have improved outcomes in patients treated either operatively or non-operatively (34) , approximately one out of five patients without other complications are unable to return to their previous levels of athletic participation (36) .
Deficits in plantarflexion function of the affected limb play a large role in preventing return to preinjury levels of activity (26) and have been shown to persist as far out as 14-years following injury (5, 11) . Clinically, these deficits present as decreased resting ankle angle (37) , reduced calf-raise function (6, 30) , and 10-20% reductions in plantarflexion strength (11, 21, 27) . Tendon elongation and plantarflexor muscle atrophy have both been associated with these reductions in function (10, 23, 30) . Decreased resting tension in the muscle-tendon unit stimulates sarcomere subtraction (32, 33) , effectively restoring the resting tension in the muscle. Both increased tendon length and decreased muscle fascicle length have been shown to negatively affect single-leg heel raise performance in computational simulations (1) .
Plantarflexor function is governed by muscletendon structure and mechanical properties. Although isometric strength is a commonly measured metric of patient function and correlates with muscle size and leverage (3), athletics require active plantarflexor shortening to generate ankle power (20) . Longer muscle fascicles generate greater power at high speeds, which is beneficial for activities like sprinting (20) . Targeted training can increase muscle fascicle length (28) , effectively increasing power potential. Although muscle structure has been linked to function in many populations, shorter muscle fascicles have only been reported in a single case report of a patient with poor outcomes following an Achilles tendon rupture (2) . Sudden changes in muscle-tendon tension, either induced through joint immobilization (32, 33) or changes in muscle leverage (7, 17) , stimulate changes in muscle fascicle length within weeks. However, this muscle modeling response to an immediate loss of muscle-tendon tension caused by Achilles tendon ruptures have not been prospectively studied in a patient cohort.
Therefore, the purpose of this study was to quantify the immediate structural changes to the medial gastrocnemius in patients who suffered acute Achilles tendon ruptures and were treated non-operatively. We hypothesized that the medial gastrocnemius muscle would have shorter and more pennate fascicles immediately following an acute Achilles tendon rupture and would persist throughout 4 weeks post-injury.
Methods

Study Design
Ten adults (9 males, Age: 43.9 ± 11.6; BMI:
28.58 ± 6.5) who suffered acute Achilles tendon ruptures ( Table 1 ) and were treated nonoperatively were enrolled in this IRB approved study. All subjects met several inclusion criteria: patient was between 18 and 60 years old, elected to be treated non-operatively for acute Achilles tendon rupture within 2 weeks of injury, were not of an excessive weight (BMI < 50), and had no concomitant lower extremity injuries. We acquired ultrasound images of the medial gastrocnemius during three clinical visits ( Figure  1) : time of injury when subjects were placed in a cast (week 0); time of cast removal when subjects were transitioned into partial weight bearing in a walking boot (week 2); and 2 weeks after transitioning into boot use (week 4). Patients were enrolled in this study within 10 days of suffering the injury (4.5 ± 3.5 days), at which the week 0 images were acquired. We imaged the contralateral limb at week 0, which served as a control for all subjects. We imaged the affected limb at each time point and compared to the control muscle to determine changes in resting muscle structure. Resting structure of the muscle was characterized by the length and pennation of the constituent fascicles as well as the thickness of the muscle belly. We also determined muscle quality by quantifying the average echo intensity of the muscle belly.
Image Acquisition
Longitudinal images of the medial gastrocnemius were acquired while subjects lay prone on a treatment table with their feet and ankles supported by the edge of the table in plantarflexion and kept in the same position for all imaging sessions. Continuous B-mode ultrasound images of the medial gastrocnemius Patients who suffered acute Achilles tendon ruptures were enrolled in this prospective study at their initial clinical visit (week 0). We measured the architecture of the medial gastrocnemius muscle on the injured side using ultrasound at each clinical visit (week 0, 2, and 4) and the contralateralhealthy side (week 0) to serve as a control.
were acquired by a single investigator using an 8 MHz ultrasound transducer with a 6 cm scanning width (LV7.5/60/128Z-2, SmartUs, TELEMED). The probe was positioned in the middle of the muscle belly aligned with the fascicles to ensure that the muscle fascicles lie in the image plane (Figure 2, (4) ). During pilot testing, we identified canning parameters (scan parameters: Dynamic Range: 72 dB; Frequency: 8 MHz; Gain: 47 dB) that produced high-contrast images and held them constant for all subjects and scanning sessions. All images were acquired by the same investigator and saved as digital videos to be processed later by the same investigator. Individual frames from the continuous imaging were exported as still images to be processed for muscle structure.
Image Analysis
Resting fascicle length, pennation angle, muscle thickness, and muscle quality were quantified using custom written software (MATLAB 2017b, The MathWorks, Inc, Natick, MA) (2). We anonymized and randomized each image to ensure that the investigator analyzing the images could not be biased. For each image, the investigator identified the deep and superficial aponeuroses as well as a single fascicle ( Figure  2) . We quantified fascicle length as the distance between the fascicle's insertions into the aponeuroses. Pennation angle was determined to the be the angle between the fascicle and the deep aponeuroses. Muscle thickness was calculated based on fascicle length and pennation angle (Eq. 1, Figure 2 ). During this analysis, we observed that many of the ultrasound images showed the muscle to be of 'poor quality'. Therefore, we calculated the mean echo intensity between deep and superficial aponeuroses to quantify muscle quality. A previous study correlated muscle strength with mean echogenicity and attributed this link between muscle form and function to increased fibrous and adipose tissues within the muscle belly (8) .
Eq. 1. ℎ = × sin
Statistical Analysis
To test our hypothesis that resting muscle architecture would change following injury, resting fascicle length, pennation angle, and muscle thickness at week 0, 2, and 4 were each compared to against the control values using paired one-way t-tests. Bonferroni corrections for multiple comparisons were applied, which set the threshold for statistical significance to p = 0.0167 (0.05 / 3, where 3 is the number of comparisons for each variable of interest. We performed an a priori sample size calculation based on the variation of medial gastrocnemius fascicle length in young adults (3) and determined that 10 subjects would be able to detect a 10% decrease with desired statistical power of 0.8.
Results
Gastrocnemius muscle structure following an acute Achilles tendon rupture differed with the healthy-contralateral muscle throughout the first four weeks following injury (Figure 3) . Fascicle length and pennation was 12% shorter and 21% greater at the presentation of injury (week 0), respectively (P < 0.001). These differences in fascicle length and pennation angle persisted throughout the 4 weeks after the injury (P < 0.008). Muscle thickness changes were not detected at any of the post-injury visits; however, a 3% decrease in muscle thickness at week 4 approached our threshold for significance when controlling for multiple comparisons (P = 0.41). Muscle quality measured, as mean echogenicity of the muscle belly, was 8 and 11% lower in the injured limb immediately and 2 weeks following injury, respectively (P < 0.008). At week 4 muscle quality had returned to within 1% of the contralateral limb (P = 0.393).
Discussion
Acute Achilles tendon ruptures are increasingly common sports injuries in physically active adults (15, 19) . Long-term functional deficits have been linked to tendon elongation (30) , which occurs within the first month following the initial injury (16) . Preliminary reports suggest that plantarflexor muscle structure is the primary determinant of function following Achilles tendon ruptures (1, 2) . Sudden changes in muscletendon tension, whether imposed by immobilization (32) or tendon repairs (18) , elicit rapid remodeling of skeletal muscle. Therefore, the purpose of this study was to quantify medial gastrocnemius structure following the first month of acute Achilles tendon ruptures. Our findings support our hypothesis that the gastrocnemius muscle fascicles of the affected side would demonstrate shorter length and greater pennation than the contralateral control muscle. These changes appear to be a biologic response to a sudden loss of intra-muscular tension, which is typically present with an intact tendon (14) . When this tension is released by an acute rupture, the muscle retracts resulting in a shorter and more pennate fascicle. Our report is the first to our knowledge to document gastrocnemius remodeling immediately following an Achilles tendon rupture, which is an important advancement in the study and treatment of tendon injuries.
Our measurements of medial gastrocnemius structure compared favorably with prior reports. Due to the clinical constraints of these patients, we were required to image the muscle with the foot supported in maximal plantarflexion by a table. As expected, our measurements of gastrocnemius structure were shorter and more pennate than compared to other studies that have measured gastrocnemius structure at neutral ankle angle (3, 20) . However, our measurements of fascicle length and pennation were similar to a previous report of gastrocnemius structure in peak plantarflexion (9) , which demonstrated a linear relationship between ankle angle and both fascicle length and pennation angle. We calculated muscle thickness using a single longitudinal scan of the muscle belly rather than a transverse scan or multiple longitudinal scans at different locations. Using this imaging approach, we detected a small (3%) decrease in muscle thickness at week 4 that approached statistical significance (P = 0.041). This small decrease in muscle thickness was less than previous reports of muscle atrophy at least 1 year following injury (10, 12) . Decreases in muscle quality have been associated with age-related muscle deterioration such as sarcopenia (8), but these changes have not been observed in muscle following tendon rupture. The changes in muscle quality we observed suggest that the biologic response dictating structural remodeling may also lead to fluid or fatty infiltration into the muscle belly.
Functional deficits are associated with elongated tendon and shorter muscle fascicles following Achilles tendon rupture (Figure 4, (1, 2, 6, 12,  30) ). When considered in this context, our current findings of shorter and more pennate gastrocnemius fascicles immediately following Achilles tendon rupture indicate a coupled remodeling response with the healing tendon.(31) Imaging studies of the healing Achilles tendon show continued tendon elongation (16, 22, 24) , which suggests that muscle-tendon adaptations continue for several months following the injury. We hypothesize that the initial tendon injury stimulates a rapid change in muscle structure in an attempt to restore the optimal resting tension in the muscle-tendon unit, which triggers a positive feedback loop. Prospective research is needed to directly link the interaction between tendon elongation and muscle remodeling.
Understanding the progression of this remodeling process is crucial for the treatment of tendon injuries and can be used to inform clinical decisions as well as the prescription of rehabilitation protocols.
In addition to our current findings that skeletal muscle architecture is sensitive to tendon rupture (Figure 3) , muscle fascicle length can also be affected by loading, pathology, surgical procedures, and immobilization in both humans and animal models. High-acceleration training during maturation in guinea fowl stimulates longer muscle fascicles that contain greater amounts of sarcomeres in series (28) . Children with cerebral palsy have shorter gastrocnemius fascicles that can be increased with surgical correction of the plantarflexor contracture (35) .
Increasing the muscle shortening demands by surgically releasing the ankle retinaculum elicits rapid sarcomere subtraction in both mice (7) and rabbits (17) . Immobilizing the ankle joint in plantarflexion elicits muscle fiber remodeling, highlighted by a shorter optimal length and reduced sarcomeres in series (32, 33) . Seminal work by Williams (32) demonstrates the importance of muscle tension on muscle length and joint range of motion in the context of immobilization.
These findings are a preliminary set of data from a larger clinical cohort of patients that have been enrolled in a 1-year long prospective study. We are closely monitoring muscle and tendon structure at each clinical visit. Once cleared for activity, we will test plantarflexor strength and power in these patients using dynamometry and single-leg heel raises (2, 3) . Prior research also suggests that these structural changes in muscle are permanent(2) and the magnitude of these changes may be predictive of long-term functional deficits (1, 30) .
This study had several limitations. Due to the loading restrictions in the weeks following the injury, we imaged the muscle fascicles with the foot in maximal plantarflexion to ensure an unloaded tendon. We are prospectively following this cohort for 1 year to link changes in gastrocnemius structure with tendon elongation and functional deficits. Once cleared by their treating physician, we will acquire muscle and tendon measurements throughout the ankle range of motion. Continued monitoring of this cohort will yield further insight into the link between tendon injury, muscle remodeling, and patient function. We did not perform muscle biopsy or intramuscular sarcomere measurement (29) ; as such, this study was not designed to establish whether optimal sarcomere length was preserved via sarcomere subtraction or not. However, animal studies that imposed sudden changes in joint mechanics demonstrates that rapid change in sarcomere number to preserve optimal sarcomere length (7, 17, 32) . We decided to image the medial gastrocnemius, which has longer and less pennate fascicles than the soleus and generates tension in greater amounts of plantarflexion (13), Figure 4 . Achilles tendon length and plantarflexor structure appear to be closely related and sensitive to tendon injuries. We hypothesize that the injury-induced tendon elongation elicits muscle remodeling, which increases tendon tension and continues tendon elongation.
which is critical for functional tasks such as heel raises. This study highlights the rapid change in muscle structure following acute Achilles tendon ruptures.
In summary, our findings demonstrate that the medial gastrocnemius muscle undergoes rapid changes in configuration in response to an acute Achilles tendon rupture. While the mechanisms governing these changes remain unclear, prior work suggests that perturbations in muscle-tendon tension stimulate these changes. Future research should be focused on the effects of muscle-tendon tension on muscle remodeling pathways. Immobilizing joints has been shown to stimulate sarcomere addition or subtraction to preserve optimal sarcomere lengths. Therefore, careful immobilization paradigms may prove to be efficacious for preserving muscle structure and quality in patients following tendon injuries.
